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I INTRODUCTION

Synthetic Aperture Radar (SAR) is a well-known technology which allows to coherently combine
multiple returns from (typically) ground-based targets from a moving radar mounted either on an air-
borne or on a space-borne vehicle. The relative motion between the targets on ground and the platform
causes a Doppler effect, which is exploited to discriminate along-track positions of targets themselves.
In addition, as most of conventional radar, a pulsed wide-band waveform is transmitted periodically,

thus allowing even a radar discrimination capability in the range direction (i.e. in distance).

For side-looking acquisition geometries, the along-track and the range directions are almost
orthogonal, so that the two dimensional target discrimination capabiliy results in the possibility to
produce images of the illuminated area on ground. A side-looking geometry consists in the radar

antenna to be, either mechanically or electronically, oriented perpendicular to the observed area.

Nowadays technology allows discrimination capability (also referred to as resolution) in both along-

track and range directions in the order of few tenths of centimeters.

Since the SAR is a microwave active sensor, this technology assure the possibility to produce images
of the terrain independently of the sunlight illumination and/or weather conditions. This makes the SAR
a very useful instrument for monitoring and mapping both the natural and the artificial activities over

the Earth’s surface.




Among all the limitations of a single-channel SAR system, this work focuses over some of them

which are briefly listed below:

a) the performance achievable in terms of resolution are usually paid in terms of system

complexity, dimension, mass and cost;

b) since the SAR is a coherent active sensor, it is vulnerable to both intentionally and un-

intentionally radio-frequency interferences which might limit normal system operability;

c) since the Doppler effect it is used to discriminate targets (assumed to be stationary) on the
ground, this causes an intrinsic ambiguity in the interpretation of backscattered returns from

moving targets.

These drawbacks can be easily overcame by resorting to a Multi-cannel SAR (M-SAR) system.




[.1 Chapter Summaries

L1.1 Chapter II: Multi-Channel SAR for Improved Resolution
The exploitation of multi-channel SAR data for improving resolution is addressed in this Chapter.

In particular, in the first part of Chapter II a coherent combination of multi-channel returns from
different parallel receiving channels is considered. It is shown that, if each receiving channel is
connected to a different sub-aperture of the receiving antenna, being these sub-apertures aligned in the
along-track direction, an improvement of the sampling rate (i.e. the Pulse Repetition Frequency, PRF)
in the azimuth domain can be achieved. This directly increases the maximum upper bound for
unambiguous Doppler frequency bandwidth, hence the maximum achievable azimuth resolution. To
assure that, a severe relationship between nominal PRF, sub-aperture distances and SAR platform
velocity has to be verified. If this relationship it is not verified, the multi-channel data sampling in the
along-track domain would result in a non-uniform sampling of the signal in the slow-time domain. This
effect causes ambiguities in the azimuth domain that deteriorate the system Point Spread Function, PSF.
An unambiguous signal reconstruction can be applied to keep those ambiguities below a threshold level,
but a complete rejection cannot be guaranteed. An extensive performance analysis has been conducted
in the framework of the ASI (Agenzia Spaziale Italiana) funded project SABRINA (System for
Advanced Bistatic and Radar INterferometry Applications) aimed at developing a bistatic exploitation
of the SAR of COSMO-SkyMed. In addition, an adaptive technique is proposed to overcome the main

problem related to the non-perfect cancellation of azimuth ambiguities.




The second part of Chapter II deals with an innovative technique for SAR ground range resolution
improvement using multiple transmit and receive platforms with adequate cross-track displacements.
Using orthogonal waveforms, that occupy the same bandwidth, for different platforms of the
constellation, a Multiple Input Multiple Output (MIMO) SAR system is configured. The proposed
technique allows to achieve a maximum theoretical range resolution improvement factor significantly
greater than the number of operating SAR sensors, by jointly exploiting both the monostatic and the
bistatic acquisitions. This can be exploited to obtain a ground range resolution much higher than the
resolution corresponding to the frequency bandwidth transmitted by the single platform. Afer
illustrating the proposed technique and its system requirements, a simulated dataset is used to show the

effectiveness of the proposed approach.

L1.2  Chapter I11: Multi-Channel SAR for Jammer Rejection

Chapter III deals with the exploitation of multi-channel SAR signals to protect the system from
barrage jamming interferences, either intentional or not. This is a crucial point, since normal SAR
operability can be limited or denied by electro-magnetic interferences occupying the same bandwidth of
the SAR sensor. Antenna-based approaches are considered to overcome this problem, which aim at
synthesizing a null, or at least a strong depression, in the Direction Of Arrival (DOA) of the interfering
signal. For the special case of a M-SAR system, due to the platform motion, such a jammer DOA is
changing during the synthetic aperture, thus requiring a periodic update of the adapted antenna pattern.
In particular, the work focuses on the effects related to the update of nulling weights and with the
synthesis of larger depressions of the antenna pattern to take into account of possible uncertainties in

the knowlegde of the jammer’s DOA.




1.1.3  Chapter IV: Multi-Channel for Clutter Cancellation

Chapter 1V deals with the exploitation of multi-channel SAR data to suppress clutter background,
thus making possible moving target detection inside SAR images. As it is well known, moving targets
within SAR images appear shifted and smeared due to their relative motion with respect to the ground.
This affects the possibility to detect them against the strong clutter background represented by the
echoes coming from stationary distributed targets on the Earth’s surface. The availability of parallel
multiple receiving channels allows to subtract echo samples acquired at different receiving antennas in
different times, thus cancelling stationary echoes while keeping uncancelled returns from moving
objects. This is the basic principle of Space Time Adaptive Techniques (STAP). Optimum STAP
filtering assures high moving target detection performance at enormous high computational costs, this is
especially true for the SAR case, which it is characterized by very long integration times. Therefore,
sub-optimal STAP schemes have been proposed to limit the overall computational burden at reduced
detection performance losses. However, the only detection of moving targets might not be enough for
existing M-SAR systems, which have sub-meter resolution capabilities. Therefore, an integration of the
STAP with proper focusing techniques has to be developed in order to assure not only the detection of
the movers, but also their high-resolution imaging'. While STAP has been deeply analyzed in past
literature, limited interest has been addressed to an efficient integration of STAP techniques together

with focusing algorithms.

The work presented in Chapter IV refers to an efficient integration of a particular quasi-optimal post-
Doppler STAP technique with a bank of focusing filters based on the Chirp Scaling algorithm.

Specifically, the first analysis is devoted to the performance evaluation of the bank of focusing filters to

' Due to the relative motion of ground moving targets with respect to stationary scene, the focusing filter matched to the stationary background is not

matched to moving targets, thus causing imaging performance degradations.




show the increase in terms of imaging capabilities and also in terms of detection capability.
Subsequently, an efficient integration of post-Doppler STAP and bank of focusing filters is presented.
The analysis shows that both techniques are needed for detection and high-resolution imaging of
movers. The last part of Chapter IV is devoted to a computational cost evaluation of the integrated

technique. For comparison, an Along-Track Interferometry (ATI) based approach is considered.
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II MULTI-CHANNEL SAR FOR IMPROVED RESOLUTION

II.1 Introduction

Increasing interest in recent years has concerned the development of new SAR imaging modes being
able to ensure the so called High Resolution Wide Swath (HRWS) SAR. As it is well known, intrinsic
limitations pose in direct relation these two desirable characteristics, namely imaged swath and
obtainable resolution, for a single-channel SAR system. Basically, a requirement in the minimum
physical antenna area has to be verified in order to avoid ambiguities both in azimuth and in range
dimensions. As it is clear, this minimum antenna area constraint is even more severe for spaceborne

SAR systems, since directly affects size, mass, and costs of the platform to be launched.

A viable solution to overcome this minimum area constraint is to resort to Multi-channel SAR (M-
SAR) systems. Various solutions can be considered, related to monostatic and bi-/multi-static
geometries. Obviously, a multi-channel SAR system, even if theoretically able to achieve HRWS
modes, has to deal with other technological issues, such as synchronization, paraller receiving channel
matching, etc... In this chapter, these aspects will not be considered, while focusing on some innovative
techniques for multi-channel data processing for HRWS SAR. In particular, in Section I1.2 it will be
addressed the possibility to use multiple parallel receiving channel for increasing the data sampling in
the along-track dimension (namely to increase the PRF). As it is well known, the PRF value selection
has to guarantee both an adequate sampling of the instantaneous Doppler bandwidth as well as an

adequate interval time for receptions of all the echoes from the swath to be imaged. Therefore, if the
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receiving antenna is splitted in two (or more) sub-apertures aligned in the along-track direction, and if a
simultaneous reception of data samples is conducted in for each sub-aperture, an equivalent increase in
the theoretical improvement of the azimuth resolution at constant swath size, or, equivalently, to

increase the swath size at constant azimuth resolution can be obtained.

Section II.3 is addressed to the analysis of possible exploitation of constellation of SAR platforms for
range resolution improvement. In particular, a Multiple Input Multiple Output (MIMO) SAR system is
considered with different platforms observing the same area on the ground with different incident
angles. In past literature ([5][6][7]) it has been proved that such a geometrical configuration of multiple
platforms can lead to an increase of the resolution in the range direction, by exploiting the wavenumber
shift, [5]. Specifically, a maximum theoretical improvement in range resolution equal to the number of
platforms can be achieved (i.e. coherent integration of all the monostatic acquisitions). The idea here
presented resort to the exploitation not only of the monostatic acquisitions, but also of the bistatic ones.
As a consequence, the maximum theoretical improvement of the range resolution becomes equal to the
overall number of monostatic plus bistatic acquisitions, hence an improvement factor greater than the
number of SAR platforms. To make this possible, a MIMO SAR system has to be considered being the
single SAR systems able to transmit almost orthogonal waveforms and able to discriminate echoes

corresponding to monostatic and bistatic acquisitions by means of multiple parallel receiving channels.
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I1.2  Enhanced Imaging

Exploiting the multi-channel antenna versatility, Extended Imaging (EI) permits an improvement of
the image geometric characteristics. Many applications require a very high spatial resolution either to
detect, recognize and identify small man-made targets or to have a high accuracy in the estimation of
borders between regions in natural vegetated areas. In particular, using EI it is possible to increase the
azimuth spatial resolution, or to improve the radiometric resolution without decreasing the spatial
resolution, without the need to operate in Spotlight mode and thus without largely reducing the azimuth

size of the imaged area.

Another limitation of the imaging capability of spaceborne SAR is related to the range swath size and
therefore to the revisit time. Although conventional Stripmap revisit time may be adequate for the
surveillance of certain features, especially for the COSMO-SkyMed constellation, such as geologic
formations and crops, for other more dynamic features, such as oceans, ice and man-made targets, there
could be a requirement for shorter revisit times. This can be obtained through Extended Imaging
Optional Techniques which, improving the range swath extension, enable an increase of the monitored

area and thus a reduction of the revisit time, [1].

EI are utilized only in Stripmap acquisition mode, but they allow to exploit at the same time the
advantages of both Stripmap and Spotlight acquisition modes. In fact using EI it is possible to have a

large swath and, at the same time, to obtain an azimuth resolution comparable to the Spotlight one.

As well known, in a single channel SAR, high azimuth resolution and wide swath extension set
contrasting requirements on the PRF selection. In fact, in the conventional Stripmap acquisition mode,

the highest achievable azimuth resolution is fixed at L/2 (where L represents the along track antenna
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dimension). This value of resolution sets a lower bound on the PRF value to avoid azimuth ambiguities;
any improvement of the azimuth resolution requires an increase on this lower bound. Besides, the range
swath extension is limited by the elevation antenna pattern and by the chosen value of PRF (resulting in
a maximum unambiguous zone equal to c¢/(2xPRF)), and therefore an improvement of the swath

extension requires a decrease of the PRF value.

In the EI the signal emitted by the transmitter is acquired simultaneously by two parallel receiving
channels one of each associated to a different RX-antenna sub-aperture obtained splitting the whole
antenna in the along-track direction. This implies two phase centers displaced in the along-track
direction. The motivation for this approach is that two independent sets of target returns are obtained for
each transmitted pulse. If the sensor platform velocity v, the PRF value and the along-track

displacement of the two phase centers (dx) are such that

PRF=-2, Eq. II-1
dx

then the samples received on the two RX-channels are identical to the samples received by a
conventional SAR operating with a double PRF. The PRF value of Eq. II-1 is such that the SAR

platform moves just one half of the total antenna length between subsequent radar pulses, as depicted in
Figure I1-1.

This situation corresponds to a uniform sampling of the SAR signal after data stream recombination,
[2]. Therefore the value of PRF that satisfies the Eq. II-1 will be indicated as “uniform PRF” in the
following. Through a coherent processing, it is possible to combine the data sets thus obtaining an

improvement on the signal sampling frequency (i.e. the PRF).
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However such a rigid selection of the PRF (cfr. Eq. II-1) may be in conflict with the timing diagram
for some incident angles and exclude the possibility to use an increased PRF for improved azimuth
ambiguity suppression. Therefore in our preliminary analysis of EI, a reconstruction algorithm for
unambiguous recovery of SAR signal from non uniform sampling, as presented in [3] has been

exploited.

Depending on the user requirement to increase the imaging capability in term of azimuth resolution or

range swath extension, two different EI can be exploited:

- EI-R (Resolution improvement): the transmitting antenna has an azimuth aperture augmented”
with respect of the usual single-channel case in order to extend the azimuth footprint. The
received signal is acquired by the two parallel RX-channels each one relative to a half side of
the receiving antenna (Figure II-2). Performing a coherent processing on the two received
signals and using the same PRF of the single-channel case, it is possible to improve the

azimuth resolution without reducing the range swath extension.

- EI-S (Swath extension improvement): the transmitting antenna has the same pattern aperture of
a usual single-channel system in azimuth direction, whereas the pattern aperture is augmented
in elevation direction in order to increase the illuminated zone in range direction. The received
signal is acquired by the two parallel RX-channels each one relative to a half side of the

receiving antenna (Figure II-3). Performing a coherent processing on the two received signals,

? Note: the increasing of the pattern aperture in one of the two direction of azimuth or elevation can be obtained through a
proper phase tapering on the radiating elements in the transmitting antenna. Such a technique allows an augmentation of the

antenna aperture not reducing the transmitted power level.
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it is possible to reduce the value of PRF (regarding the single-channel case), thus allowing an

improvement of the unambiguous zone, without reducing the azimuth resolution.

- EI-T (optimal Trade-off): instead of exploit the EI performances alternatively in terms of

azimuth resolution improvement (EI-R) or in terms of range swath widening (EI-S), it is
interesting to jointly exploit a partial improvement in each of the two EI techniques.
Specifically, an EI optimal trade-off can be obtained by varying both the acquisition time, Ta,
(and thus varying the azimuth resolution) and the value of PRF (thus varying the range swath
extension). The variation intervals of these parameters are chosen such as: (i) Tx varies so that
the achieved azimuth resolution varies from the nominal Stripmap value L/2 toward the halved
valued L/4°; (ii) the PRF varies so that the range swath extension varies from the nominal

Stripmap value to a doubled value.

11.2.1 Definition of the performance parameters for EI
The implementation of the EI influences the following aspects:

- Azimuth Resolution;

- Range Swath Extension;

- Signal to Noise Ratio (SNR);
- Azimuth Ambiguities Level;

- Volume of Collected Data.

* In order to guarantee the desired azimuth spatial resolution improvement, other than the acquisition time, the transmitted
azimuth pattern beamwidth is properly chosen too. In particular, the transmitted beamwidth is enlarged of a factor equal to

the acquisition time improvement.
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In particular the two following parameters are considered in order to evaluate the impact of the

implementation of EI on the SAR image quality:

- Noise Equivalent Sigma Zero (NESZ): defined as the level of RCS (Radar Cross Section) that

an hypothetical target should have so that the peak value of the corresponding focused signal is
equal to the thermal noise level. In the performance analysis, the NESZ will be evaluated with
respect to the NESZ of the nominal Stripmap acquisition mode (indicated as NESZ ominal in the

following).

- Azimuth Ambiguity Ratio (AAR): measured as the ratio of the focused signal peak powers
from the mainlobe to the first order ambiguity at Doppler frequency £PRF, as presented in [3].
The improvement of geometric characteristics achievable by applying the EI techniques, will be

evaluated on the basis of the three following parameters.

In particular, the performance of EI-S are evaluated through the Swath Improvement (SI) parameter

defined as the ratio between the PRF, omina1 and the PRF car:

PRF, no min al
PRFaCth Eq. 1I-2

SI=

where PRF,ominal = 3632.4 Hz is the nominal PRF of COSMO-SkyMed in Stripmap acquisition mode

for the considered incidence angle (37.78°).

Moreover the performance of EI-R are evaluated through the Resolution Improvement (RI)

parameter defined as the ratio between the nominal Stripmap azimuth resolution of COSMO-SkyMed

(TAZ

omina = 2-8m) and the actual azimuth resolution:

17



rAZ
R] = nomin al

T AZ Eq. II-3

actual

For the EI-T, the further following performance parameter has been considered.

Information Gain (IG): defined as the product of the inter-pulse period (PRF"), determining directly

the unambiguous swath width, and the inverse azimuth resolution normalized by the sensor velocity:

0
rA2  PRF,tal Eq. 11-4

actual

IG

In a conventional SAR operating in Stripmap mode the PRF is chosen greater than the Doppler
bandwidth (equal to Bpo,=v/raz) in order to avoid azimuth spectral folding. Therefore, the maximum
theoretical value of IG for a conventional Stripmap SAR, is equal to 1. Moreover, using EI, the value of

Bpop can be up to 2PRF, thus resulting in a maximum theoretical value of IG equal to 2.

11.2.2  Preliminary analysis of EI performance
Analyzed scenario for both EI-S and EI-R:

- Stripmap acquisition mode
- Interferometric configuration
For each one of the proposed techniques, several simulations have been performed in order to

demonstrate the validity of the EI.
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The simulations have been performed placing a point target with unitary RCS in a broadside position.
For the EI-S, we have simulated the operation of a dual receive antenna SAR system with fixed distance
between the two phase centers, but varying the value of PRF. Focusing is done by a matched filter with
a constant Doppler bandwidth in a processing that considers only the azimuth dimension. The Doppler
bandwidth is chosen so that an azimuth resolution of L/2 is achievable. For the EI-R, the chosen
approach was to simulate the operation of a dual receive antenna SAR system with fixed distance
between the two phase centers, but varying the acquisition time in order to vary the achievable azimuth
resolution. Evaluating the performances achievable using EI, the two parameters of NESZ and AAR

have been considered. The following table reports the main system/sensor used parameters.

In order to guarantee a symmetrical split of the antenna into two sub-apertures, without sharing any
tile between the two receiving channels, for some antenna configurations, the one or more central
panels are not used and so they are depicted in grey in the following figures. This represents a loss in
the RX-antenna gain, or which is equivalent an increase of the NESZ, proportional to the number of
unused panels. In particular the configuration SPAN2a (both for COSMO5x8 and COSMO6xY) and the
antenna COSMOG6xY (with Y<8) are not considered because the number of used tiles in each sub-
antenna is not sufficient to guarantee a proper value of NESZ, whereas the configurations COSMO5x8

STRX and COSMO6x8 STRX are not considered because they are only single-channel.

COSMO5x8 SPAN2b

In Figure I1-4 and Tab. II-2 is described the COSMO5x8 SPAN2b configuration. The panels relative
to the two receiving channels are colored in green and light blue. The phase centers of the two receiving

sub-antennas are depicted as red dots.
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COSMO6x8 SPAN2c

In Figure II-5 and Tab. II-3 is described the COSMO6x8 SPAN2c configuration. The panels relative
to the two receiving channels are colored in green and light blue. Using the COSMO6x8 antenna,
having an even number of panels, it is possible, differently from COSMO5x8 case, to divide the whole
antenna into two sub-apertures, thus using all the available panels. The phase centers of the two

receiving sub-antennas are depicted as red dots.

COSMO6x8 SPAN2b

In Figure I1-6 and Tab. II-4 is described the COSMO6x8 SPAN2b configuration. The panels relative
to the two receiving channels are colored in green and light blue. This configuration has the same
number of panels of COSMOS5x8 SPAN2b case, but has a greater phase centers displacement. The

phase centers of the two receiving sub-antennas are depicted as red dots.

11.2.3 EI-R case study

In EI-R we aim to achieve an improvement in the azimuth resolution not diminishing the range swath
extension. Using the system parameters reported in Tab. II-1 and the antenna configurations described
above, we have evaluated the system performances in terms of AAR versus Ta calculated for each
antenna configuration, for its uniform PRF. The variation of the acquisition time determines a variation

of the achievable azimuth resolution.

In Figure II-7 a comparison between the three configurations is reported. As shown in the figure,
COSMO6X8 SPANZ2D is able to achieve good azimuth ambiguity suppression only for low values of
acquisition time, thus determining a smaller azimuth resolution improvement than the other antenna
configurations. Moreover the analogous value of phase center displacement of COSMO5x8 SPAN2b

and COSMO6x8 SPAN2c, determines the similar behavior of the AAR in these two configurations. The
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slight difference between them is due to the different receiving azimuth pattern. In fact COSMO6x8
SPAN2c has a single-channel receiving antenna made by 3 panels, whereas in COSMO5x8 SPAN2b
the RX-antenna has only 2 panels. Therefore the narrower azimuth pattern of COSMO6x8 SPAN2c
guarantees a better azimuth ambiguity suppression. Posing a threshold on the AAR at -25 dB, for each

antenna configuration, the best azimuth resolutions achievable are reported in Tab. II-5.

EVALUATION OF NESZ FOR EI-R

The EI-R operation mode needs a broadened azimuth transmitting pattern in order to improve the
azimuth resolution. A phase tapering on the TX-antenna guarantees the desired azimuth pattern
widening without reducing the transmitted power level. Anyway this power level is now irradiated on a
greater angle, thus resulting in a reduction of the SNR or (which is equivalent) in an increase of the
NESZ of a factor equal to the azimuth beam increase. Through a proper selection of the acquisition time
(corresponding to the widened synthetic aperture) it is possible to obtain an azimuth integration gain
equal to the above mentioned reduction. Therefore in EI-R it is possible to maintain the NESZ equal to

the conventional Stripmap case.

11.2.4 EI-S case study

In Figure II-8 a comparison of AAR for the three considered antenna configurations in EI-S is
reported. As previously shown analyzing EI-R, COSMO6x8 SPAN2c¢ and COSMOS5x8 SPAN2b
present a similar behavior due to the equal phase centers displacement. For the same reason,
COSMO6x8 SPAN2D is able to obtain good azimuth ambiguity suppression for lower values of PRF in
respect to the other configurations. Defining an AAR threshold at -25 dB, we might say that even if the
interval of PRF values under the threshold is narrower in COSMO6x8 SPAN2b case, this interval is

shifted toward lower values of PRF, thus permitting, among the considered configurations, a greater
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range swath extension enlargement, if the mentioned range of PRF is range ambiguity free for the
desired imaging incidence angle. Hence COSMO6x8 SPAN2b might allow the best geometric
characteristics improvement in EI-S mode. COSMO6x8 SPAN2c allows a slightly lower improvement
of the geometric characteristics but using a different range of PRF values. In Figure I1-8, on the x-axis,

the labelled values of PRF are those that allow to avoid nadir returns.

EVALUATION OF NESZ FOR EI-S

The EI-S needs a broadened transmitting elevation pattern in order to illuminate the widened range
swath. A phase tapering on the TX-antenna guarantees this elevation beam widening not reducing the
transmitted power level. Anyway this power level is now irradiated on a greater angle, thus resulting in
a reduction of the SNR or, equivalently, in an increase of the NESZ of a value equal to the elevation
beam widening factor. If the number of tiles in elevation of the chosen RX-antenna coincides with the
number of tiles in elevation of the TX-antenna (using, for example, COSMO5x8 or COSMO 6x8
antenna), then an identical phase tapering is required for the RX-antenna. Differently from the EI-R
case, where the increase of NESZ is counterbalanced by the improved azimuth integration gain, in EI-S

there is a loss on the NESZ proportional to the elevation beam widening factor.

Referring to the antenna configurations presented above, and comparing the different COSMO6xY
antennas with the COSMO6x8 one, at least two different NESZ loss factors arise: the first one is the
loss due to the elevation beam widening through phase tapering, the second is the loss due to the
reduced number of elevation tiles (i.e. of total transmitted power). With reference to the first factor loss,
we might say that as the number of elevation tiles decreases, the elevation beam gets larger and so the
widening beam factor relative to the phase tapering decreases too. This results in a diminished NESZ

loss due to the phase tapering.
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Moreover, considering the second factor loss, as the number of elevation tiles decreases, the NESZ
loss due to the reduced number of antenna radiating elements increases. Therefore the overall NESZ
loss due both to phase tapering and to the number of elevation tiles is about constant among the

different COSMOG6xXY antenna configurations.

11.2.5 EI-T case study

For these simulations the same configuration parameters reported in Tab. II-1 have been used. A grid
of values of T and PRF has been created and, for each pair of (Ta, PRF), the AAR parameter has been

evaluated.

Among the grid of values of (Ta, PRF), we have considered only the pairs that guarantee an AAR
better than -25 dB, and for these pairs we have evaluated the 1G. The following sections report the

simulated results of EI-T for the three considered configurations.

COSMO5x8 SPAN2b EI-T

Figure II-8 and Figure II-9 report the performances of this antenna configuration in terms of AAR
and IG. It is simple to notice that the azimuth ambiguity suppression decreases as the acquisition time
increases, this is due to the increase of the Doppler bandwidth. As illustrated in Figure II-8, the best

suppression is achieved around the uniform PRF value.

Within the considered interval of PRF, we have selected three different values of PRF. The first two
values of PRF correspond to the minimum and maximum values that guarantees an AAR<-25 dB,
whereas the third value corresponds to a uniform PRF. For these three values of PRF we have evaluated
the IG versus Ty, as reported in the following Figure II-11. As it is apparent, at the same acquisition
time (hence at constant azimuth resolution), the Information Gain is greater for lower values of PRF,

which allows enlarged range swath extension. Moreover, this figure shows that, applying the EI, it is
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possible to improve the information gain up to about 1.9. Values of IG greater than 1.9 closer to the

theoretical upper bound of 2, can be obtained relaxing the constraint on AAR.

COSMOO6x8 SPAN2c EI-T

Figure 1I-12, show the simulated results for COSMO6x8 SPAN2c. This antenna configuration

presents a behavior similar to COSMO5x8 SPAN2b, therefore analogous considerations apply.

COSMO6x8 SPAN2b EI-T

The two following figures show the simulated results for COSMO6x8 SPAN2b. Comparing the AAR
values obtained in Figure II-15, with those obtained in Figure II-9 and in Figure II-12, it is possible to
notice a worse azimuth ambiguity suppression. However, the values of IG obtained for this antenna
configuration (Figure II-17) are comparable with those obtained in other cases (Figure II-11 and

Figure II-14) due to the lower values of uniform PRF.

11.2.6 Conclusions for the EI performance

From the analysis performed above, it is reasonable consider, for the three EI, the constraints reported

in Tab. II-6 on the AAR and on the NESZ.

The following losses of NESZ could be experienced with respect to the NESZominai (cfr. Section
I1.2.1 ), for the considered antenna configurations and for a swath increase up to 2 and resolution
increase up to 2, in EI-S and EI-R respectively. The NESZ loss for the EI-T varies in dependence to the

chosen combination of (r"“actal, PRFactual)-

Considering this constraint for AAR, the following values of Swath Improvement, Resolution

Improvement and Information Gain for the considered antenna configurations can be achieved (see Tab.
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II-8, Tab. II-9 and Tab. 1I-10). These values represent the upper bounds that can be obtained using EI

choosing conveniently the acquisition time and the PRF.

While an improvement of the geometric characteristics of the SAR image of a factor of two would be
ideally desirable for the user, from the analysis above it is clear that this could obtained only with a
significant reduction of the image quality, represented in terms of AAR and NESZ. Therefore, it is
reasonable to set as user requirements slightly lower values for the geometric characteristic

improvement, which still allow to guarantee an adequate quality of the resulting SAR image.

In particular, for achieving acceptable SAR image quality, the Azimuth Ambiguity Ratio is required

to be not higher than -25 dB for EI-S, and EI-T and -20 dB for EI-R.

The specific user need for the three EI versions can be set as follows:

- EI-R: it is required to provide an increase of the azimuth resolution of a factor at least 1.5, without
introducing any degradation in swath size, range resolution, and NESZ, with respect to the SAR image

obtained using the full antenna aperture for the echo reception.

- EI-S: it is required to provide an increase of the range swath of a factor at least 1.5, without
introducing any degradation in spatial resolution, and with a loss in NESZ not larger than 6 dB, with

respect to the SAR image obtained using the full antenna aperture for the echo reception.

- EI-T: it is required to provide a joint increase of the range swath and azimuth spatial resolution,
resulting in an Information Gain of a factor at least 1.75, with a loss in NESZ not larger than 6 dB, with

respect to the SAR image obtained using the full antenna aperture for the echo reception.

Preliminary system requirements
In order to guarantee a proper operability of EI, the following preliminary system requirements must

be met.
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- Receiver channels

The system must support the simultaneous, fully coherent, operation of the two RX-channels.

Using two RX-channels the preferred channel configuration to be considered for the EI processing

techniques are the following:

EI-S:

EI-R:

EI-T:

the configuration COSMO6x8 SPAN2b allows to achieve the best SAR image geometric
characteristics among the considered antenna configurations, anyway all the three
configurations allow to achieve the Swath Improvement reported as user requirement in the

previous section.

the configuration COSMO5x8 SPAN2b allows to achieve the best SAR image geometric
characteristics among the considered antenna configurations, anyway also the COSMO6x8
SPAN2c configuration allow to reach the Resolution Improvement reported as user

requirement in the previous section.

the configuration COSMO6x8 SPAN2b allows to achieve the best SAR image geometric
characteristics among the considered antenna configurations, anyway all the three
configurations allow to achieve the Information Gain reported as user requirement in the

previous section.

- Data-link channel, storage system, Central Processing Unit

In order to guarantee the applicability of the EI, due to the augmented range swath extension and/or

augmented acquisition time, the satellite system has to be able to storage and down-link a volume of

data greater than the nominal COSMO-SkyMed Stripmap case.
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11.2.7 Adaptive antenna configurations

The analysis conducted above showed that a minimum AAR value can be obtained for PRF values in
the proximity of the corresponding “uniform value” and that this value is set by the phase centers
distance and by the platform velocity. Since the platform velocity cannot be change in general,
especially when dealing with a space-borne platform, the only available degree of freedom for changing
the “uniform value” of the PRF is represented by the phase center distance dx. A simple, but effective,
way of changing the phase center distance can be to switch-off several columns of TR modules, for
example by means of amplitude weights tapering. This makes the implementation of the EI techniques
adaptive. In the following this simple idea has been investigated more in detail with reference to a

sample phased-array antenna configuration, and imaging performance are evaluated.

The basic idea of this technique is, exploiting the potentials of a phased array antenna, to achieve
different values of uniform PRF. This is obtainable varying the phase centers displacement of the two
receiving sub-apertures through a proper amplitude tapering. In particular, for every amplitude tapering
configuration, the elaboration consists in the application of the reconstruction algorithm presented in [3]
to the data streams acquired on the two receiving channels. Due to the different phase centers
displacements, different values of uniform PRF characterized by low levels of azimuth ambiguity are
available. This may offer the possibility to select the PRF value in agreement with the restrictions due
to nadir returns and transmission/reception overlap topics. Moreover it is interesting to notice that the
proposed approach can be easily adapted to a bistatic passive SAR system. In such a configuration, the
value of PRF is set by the transmitter and may not be modified to reduce the AAR, and therefore the
above mentioned further degree of freedom in the PRF selection may become particularly suitable to

limit azimuth ambiguities.
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Reference Antenna Structure

The reference antenna structure is a modular phased array made by 6 x 8 tile (azimuth x elevation).
Each tile is constituted by 5 x 8 T/R modules (azimuth x elevation) and each T/R module is formed by
10 radiating elements aligned in the along track direction. The resulting structure is depicted in Figure
I1-18 (each rectangle representing a tile) with the two sub-apertures represented in orange and blue,

whereas in Tab. II-11 the main antenna parameters are reported.

Adaptive Antenna Configurations

In this section we define several antenna configurations which present different phase centers
displacements. The different antenna configurations are obtained through specific amplitude tapering
applied at T/R module level using attenuators. In fact in a phased array is not always possible to control
every single radiating element, but typically several radiating elements are controlled by a single
attenuator. Therefore we consider that all the elements in a T/R module are controlled by the same

attenuator.

Each adaptive antenna configuration is obtained through an amplitude tapering that, switching off
several T/R modules aligned along the elevation direction, permits to vary the azimuth length of both

sub-aperture. Referring to Figure II-19, we can introduce five considered configurations:

« CONF-A: this configuration is obtained from the whole antenna switching off only the columns of

T/R modules labeled with A;

« CONF-AB: this configuration is obtained from the whole antenna switching off only the columns

of T/R modules labeled with A and B;

« CONF-ABC: this configuration is obtained from the whole antenna switching off only the

columns of T/R modules labeled with A, B, and C;
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« CONF-ABCD: this configuration is obtained from the whole antenna switching off only the

columns of T/R modules labeled with A, B, C, and D;

« CONF-ABCDE: this configuration is obtained from the whole antenna switching off only the

columns of T/R modules labeled with A, B, C, D, and E.

Varying the arrangement of the switched off T/R modules, other configurations could be obtained, but
not everyone presents adequate sub-aperture pattern characteristics. For example, a large number of
switched off T/R modules may not be able to guarantee a sufficient gain, whereas a non-uniform
arrangement of the switched off T/R modules within the sub-aperture, could generate some

irregularities in the sub-aperture pattern shape both in elevation and in azimuth direction.

The five considered configurations present different phase centers displacements, as reported in Tab.
I1-12. Obviously, the specific physical antenna structure, in particular the number of radiating elements
controlled by the same attenuator, determines the beam forming capability and the level of accuracy

achievable in the selection of the phase centers displacement.

The phase centers displacement variation is alternatively achievable with a phased array antenna if a
staggered configuration is available. Such a configuration is characterized by a relative azimuth shift
among tiles located at different positions in the elevation direction. The joint use of staggered antenna
structure and switch off technique, as described in the previous sections, allows a finer phase centers
displacement selection. The level of accuracy obtainable following this approach obviously depends on

the specific staggered configuration.

Description of the Simulation Scenario
In order to prove the applicability of the proposed approach and to evaluate the achievable
performances, several simulations have been performed. A signal simulator has been developed with

the purpose to generate signal acquired by a monostatic dual-channel SAR sensor working in Stripmap
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acquisition mode. A point target with unitary RCS placed in a broadside position has been injected.
With the aim to simulate the presence of an ambiguous signal, a second target, with a Doppler centroid
equal to PRF, is placed in the observed scene. The SAR signal reconstruction from the samples acquired
on both receiving channels is realized applying the reconstruction filtering presented in [3]. The
simulations have been performed for the five antenna configurations each one varying the PRF value.
Focusing is done by a matched filter with a Doppler bandwidth chosen in agreement with the azimuth
sub-aperture beamwidth of the considered antenna configuration. Tab. II-13 reports the main system

parameters used for the simulations.

In the following, the performance of the considered amplitude tapering configurations are reported in
terms of azimuth resolution and range swath dimension improvements. Moreover, for each considered

configuration, the available PRF values are determined and the azimuth ambiguity level is evaluated.

The following Figure II-20 shows the behavior of AAR versus PRF for the considered antenna
configurations. As apparent, the different antenna configurations present an AAR global minimum
value in correspondence of the relative uniform PRF. Figure I1-20 also reports, along the PRF axis, the
PRF values that allow to avoid interference between useful echoes reception and nadir returns for the
considered acquisition geometry (PRFnapir). As it is shown in the figure, the application of the
proposed technique makes available several intervals of PRF with low level of AAR, whereas using a
single antenna configuration low values of AAR are obtainable only in one interval of PRF. Therefore,
the adaptivity in the amplitude tapering configuration selection is demonstrated to permit the selection

of a PRF value characterized by an AAR null, which is in the proximity of a “nadir return free” value.

Tab. II-14 reports the values of azimuth resolution obtained for the five considered tapering
configurations with the relative uniform PRF values. Specifically the azimuth resolution improvement
and the swath dimension improvement are considered, defined as the ratios between the obtained values

and the nominal Stripmap single-channel counterparts.
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As apparent, all the five tapering configurations permit to achieve an improvement in the image
geometric characteristics. In particular it appears clear that as the sub-aperture antenna length decreases
(moving from CONF-A to CONF-ABCDE), the sub-aperture azimuth beamwidth increases, thus

permitting to acquire targets with a higher Doppler bandwidth and so with a higher azimuth resolution.

The range swath dimension improvement presents the same behavior, therefore the configuration
CONF-ABCDE is able to achieve better geometric characteristics improvement with respect to the
other considered configurations, however this configuration is influenced by a slightly higher value of

AAR and by a lower sub-aperture gain (see Tab. II-12), which results in a received signal power loss.

In the application of the proposed technique to a dual-channel SAR system for wide swath and high
azimuth resolution, the maximum allowed number of switched off T/R modules plays an important role.
In fact, this limitation directly determines the number of adaptive antenna configurations which can be
obtained and therefore the number of available uniform PRFs. On the other side, a high number of
switched off T/R modules could penalize too much the maximum sub-aperture gain, as reported in Tab.

I1-12.

In conclusion, we have investigated the possibility to exploit the capability of a phased array to vary
the phase centers displacement in a dual-channel SAR system. Adaptive antenna configuration,
obtainable through amplitude tapering or staggered antenna structure, permits to improve the geometric

characteristics of a SAR image without degradations due to azimuth ambiguities.
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I1.3 MIMO SAR for Range Resolution Improvement

In this section an innovative technique is presented for SAR ground range resolution improvement
using multiple transmit and receive platforms with adequate cross-track displacement. Using orthogonal
waveforms, that occupy the same bandwidth, for the different platforms of the constellation, a Multiple
Input Multiple Output (MIMO) SAR systems is configured. The proposed technique allows to achieve a
maximum theoretical range resolution improvement factor significantly greater than the number of
operating SAR sensors, by jointly exploiting both the monostatic and the bistatic acquisitions. This can
be exploited to obtain a ground range resolution much higher than the resolution corresponding to the
frequency bandwidth transmitted by the single platform. After illustrating the proposed technique and

its system requirements, a simulated dataset is used to show the effectiveness of the proposed approach.

As well known Synthetic Aperture Radar (SAR) ground range resolution depends on the transmitted
signal frequency bandwidth, which is usually limited by regulation, or operating permission, as well as
by technological constraints. From a regulation point of view, very often the international rules assign
to radar applications only a limited fraction of bandwidth (for example, the International
Telecommunication Union reserves only about 300 MHz at X-band). Moreover, from a technological
point of view, a wider bandwidth imposes both stronger requirements on the hardware of the transmit
and receive chain, and the requirement of a higher down-link capacity to ground (as usually done in

most present spaceborne and airborne SAR systems).

It is clear that the chance to relax the hardware requirements of the SAR sensor has a major impact on
the possibility to build low-mass and low-cost SAR sensors and therefore on the possibility to

implement constellations of small SAR satellites, which has been widely considered in the recent years.
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Among the main advantages of the constellation of SAR sensors, there are the robustness to failures as
well as the system reconfiguration capability. Moreover, while the limited performance capability of the
single sensor is the price to be paid for reducing mass and costs, the constellation is required to retrieve
a performance level comparable, or even better, than usual SAR systems, by exploiting the joint
operation of the multiple SAR sensors, once the synchronization issues have been appropriately dealt
with. The same kind of considerations applies even more to airborne/Unmanned Air Vehicles (UAV)

formations with each platform in the formation carrying a low-mass and low-cost radar system.

In particular, limiting the transmitted waveform frequency bandwidth contributes to make the single
sensor cheaper and lighter, at the expense of a reduced range resolution. In this context, it is interesting
to investigate whether it is possible to increase the overall range resolution by exploiting the signal
received by multiple sensors, where the single sensor has only a limited ground resolution capability. It
is especially interesting to achieve this, assuming that all the sensors use waveforms occupying the

same frequency range (for example, the one permitted by the regulations).

In [5] a technique for improving range resolution by exploiting multiple surveys of the same area
has been described. This technique allows a maximum theoretical improvement factor in range
resolution equal to the number of surveys, if proper off-nadir angles are selected, see also [6] and [7].
As apparent, this improvement could be obtained by exploiting multiple SAR platforms that observe the
same scene with appropriate off-nadir angles. However the contemporaneous presence of the multiple
platforms is not required, so that a single SAR platform could be sufficient, provided that it can observe
the desired scene with the required angles at different times. As an alternative, the same approach can
be applied to a so-called Multistatic SAR system constellation of Sgg4, sensors, as sketched Figure
II-21. In this configuration, only one SAR sensor (for example sensor ) is transmitting and all the
Srear sensors, observing the same area on the ground with different off-nadir angles, are

contemporaneously receiving. Therefore, the overall number of surveys for a Multistatic SAR system is
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given by the monostatic acquisition of sensor I plus all the Sge4r-1 bistatic acquisitions. Hence, the

resulting maximum range resolution improvement factor is equal to the number of sensors Sgzar.

For a MIMO (Multiple Input Multiple Output) SAR system, all the Sge4; sensors are simultaneously
transmitting and receiving, as sketched in Figure II-22. By exploiting adequate orthogonal waveforms
in transmission, each sensor is able to distinguish the echoes corresponding to the different
transmissions. As a result, the overall number of surveys made available to the MIMO SAR system is
given by all the Sge4. monostatic acquisitions plus all the possible combinations of bistatic acquisitions
that are characterized by an equivalent off-nadir angle which lies between the transmitting and the
receiving angles. Depending on the selected geometrical configuration, not all the bistatic acquisitions
result in an independent survey. Anyway, by exploiting both the monostatic and the bistatic
acquisitions, the geometrical configuration of the sensors can be designed such as the overall number of
independent surveys (S7or) is greater than the number of SAR sensor (i.e. Sror > Sggar). This will result

in a maximum range resolution improvement factor greater than the number of sensors.

The focus of this section is on MIMO SAR systems: specifically the aim is to exploit the
contemporaneous presence of the different transmit and receive platforms, together with their use of an
orthogonal set of waveforms, so as to design a MIMO SAR system to achieve an improvement in the
range resolution of a factor approaching the value Sgr4r(Sreaz+1)/2 which can be sensibly larger than
the number of platforms. As stated above, this possibility to obtain such an increase of range resolution
via the proposed MIMO SAR concept can be of great interest in presence of strict limitations on the
available frequency bandwidth allocated to radar remote sensing. Moreover the same technique could
be also an add-on in a number of different situations, such as: (i) for two or more large transmit/receive
satellites already available (tandem missions and constellations of satellites) which could be provided
with the potentialities to increase range resolution up to a factor sensibly higher than the number of

platforms when working with appropriate waveforms and orbital configurations; (ii) for constellations
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of mini-satellites developed both for civil and defense applications; (iii) for formations of

transmit/receive UAVs, especially for defense applications.

We notice that while the increase of ground range resolution has led to the full problem of SAR
tomography, our technique to exploit MIMO approach to increase performance in a way sensibly

greater than the number of platforms can also be applied to SAR Tomography, [7]-[11].

This section is organized as follows. To obtain the optimal geometrical configuration of a MIMO
SAR system for each value of Sgz4z, in Section I1.3.1 we introduce the equivalence between chirp
frequency bandwidth and equivalent cross-track aperture. In Section 11.3.2 , we present the MIMO SAR
concept for Sgzsz = 2 SAR platforms that exploit both monostatic and bistatic sub-apertures, and show a
demonstration of principle. In Section II.3.3 , we present the optimal configuration of Sggs. SAR
platforms to achieve the large continuous aperture by means of monostatic and bistatic sub-apertures
and convert it back to off-nadir angle for the SAR sensors. In Section 11.3.4 the issue of waveform
orthogonality is addressed. Section II.3.5 is devoted to the processing techniques to combine the
signals collected by the different sensors to achieve the best possible ground resolution, while in
Section 11.3.6 the effectiveness of the proposed approach is tested over a simulated dataset. Finally, in

Section I1.3.7 we draw our conclusions.

11.3.1 Range resolution improvement using equivalent cross-track apertures

When dealing with SAR systems, one is familiar with the equivalence between the platform motion in
the along-track direction (synthetic aperture) and the frequency bandwidth of the corresponding chirp
signal in the slow-time domain. If we use the dual form of this equivalence and we apply it to the range
dimension, we can consider the frequency bandwidth of the transmitted chirp in the fast-time domain as

equivalent to an aperture in the cross-track direction.
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The range resolution cell obtained after chirp compression can be directly related to an equivalent
aperture of length L;” seen under an angle A6,° and aligned in the cross-track direction normal to the
sensor-target Line Of Sight (LOS), as sketched in Figure II-23. The expression of the equivalent beam
width 46, as a function of the off-nadir angle ; and of the bandwidth of the transmitted waveform B
can be obtained considering that the projection of the equivalent beam in the ground range direction has

to be equal to the achievable ground range resolution (rg,):

- A _ c :Aaeq:/l-B-tan(Hl)
“2-A6-cos(6) 2B-sin(6,) c

Eq. 1I-5

being A the carrier wavelength, and c the speed of light.

The range resolution can be increased by incrementing the corresponding equivalent aperture (i.e.
incrementing A&?). This can be done by considering several SAR sensors observing the same area on
the ground with different off-nadir angles, so that their equivalent apertures are adjacent one another.
For the purpose of illustration, the sketch of the case of two sensors is reported in Figure I11-24. As it is
apparent, the two equivalent apertures in Figure I1-24 result to be perfectly contiguous, in such a way
that the beginning of aperture 2 exactly coincides with the end of aperture 1 (i.e. neither overlap nor
gap is present between the two apertures). It is worth noticing that a partial overlap between the two
apertures will not prevent the possibility to integrate them coherently in order to synthesize a single
longer aperture, but it will result in a non-maximum length of the overall aperture and, hence, in a non-
maximum range resolution improvement. We will now consider the optimum case of two contiguous
apertures without partial overlap; partially overlapped apertures will be addressed later on in this paper.
By recalling Eq. II-5, it is possible to directly derive a geometrical constraint on the off-nadir angles of
the two sensors which guarantees perfect contiguity between the two apertures. To determine such a
constraint, we consider a second sensor observing the same area on the ground with an off-nadir angle

6,, as sketched in Figure II-24, and transmitting an almost orthogonal waveform with the same
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bandwidth B. Indicating the middle off-nadir angle as 6=(6;+6,)/2 and the difference between the two

angles as A0 = 6;-0,, the expression in Eq. II-5 can be re-written as:

A

S~

AGET = -(tan03 +A—9]_ Eq. I1-6

2cosz(()3)

° ‘

Similarly, for the second sensor we have:

B __ A0
AOY = - [tan93 200s2(93)] Eq. II-7

Therefore, the off-nadir angles constraint that ensures optimum® apertures contiguity is:

_ A6 AG5 B

A0 =— > 7tan(03). Eq. 1I-8

Referring to Eq. II-6 and to Eq. II-7, it has to be noticed that numerical values of A0 and A6’ are

only slightly different, so that they are assumed to be equal to A@“ in the following.

Eq. II-8 states a geometrical constraint in terms of off-nadir angles difference that allows two
different observations to be contiguous without overlap. It should be clear that this is a needed condition
to achieve a longer aperture and therefore a higher range resolution. In addition to that, a proper

coherent integration of the two apertures has to be performed, as described in Section 11.3.2 .

It is worth to notice that an analogous formulation of the constraint in Eq. II-8 can be derived
following the approach described in [5]. In this case, the signals received from the two sensors are
demodulated with respect to a common reference signal so that a relative spectral shift (i.e. the

wavenumber shift) is experienced between the two down-converted signals (see Figure II-25). As it is

4 In case of partial aperture overlap, the equality in equation (4) will become an inequality.
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explained in [5], the value of this wavenumber shift Af depends only on the different off-nadir angles of

the two observations 6; and é.. Specifically, the expression of the wavenumber shift Af derived in [5] is:

Y
&= fe s Eq. 11-9

being f. the carrier frequency.

The maximum value of Af that ensures contiguity between the two spectra is equal to the bandwidth B
of the transmitted signal. Substituting B in Eq. 1I-9, the equivalence between Eq. II-8 and Eq. II-9 can

be easily verified.

It has to be noticed that local variations of the incident angle of a particular patch on ground might be
experienced, leading to different wavenumber shifts. This can be due to the presence of topography in
the observed area, or, in general, to a variation of the incidence angle within the swath moving from the
near to the far range. In [7] all these effects have been taken into account, especially for the airborne
case. Local variations of the incident angle can be easily taken into consideration if data acquired from
different sensors are first range compressed separately and then coherently combined to improve the

range resolution. A viable implementation approach is presented in Section 11.3.5 .

11.3.2 MIMO SAR system concept based on equivalent cross-track apertures

From the concept presented in the previous Section, if the constellation is composed of active

sensors transmitting a set of orthogonal waveforms® a MIMO SAR system with improved range

*  In the analysis conducted within this Section, we will consider the simple case of a MIMO SAR system constituted of 2 SAR sensors (as sketched in

Figure 6) transmitting an up- and a down-chirp. An analysis of other suitable waveforms having better characteristics in terms of orthogonality is reported in

Section 5
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resolution can be obtained. In particular, the sensors are assumed able to receive and separate the
echoes from their own transmission from the echoes of other sensors transmissions: by combining the
corresponding monostatic and bistatic acquisitions the SAR image with improved range resolution can
be obtained. Such an approach has the appealing advantage that the range resolution can be

theoretically improved of a factor greater than the number of sensors.

A simple MIMO system made of Sgzsz = 2 SAR sensors is sketched in Figure I1-26. In
particular, the equivalent apertures L;” and L,  are obtained by sensor I and sensor 2 respectively,
working as usual monostatic systems. Equivalent aperture L;’ is obtained when sensor I transmits and
sensor 2 receives, thus leading to a bistatic acquisition. Since the bistatic acquisition is equivalent to a
monostatic acquisition located on the bisector between the transmit and the receive path, a
corresponding frequency shift is experienced in the down-converted bistatic signal, according to Eq.
I1-9. Therefore, by properly selecting both the two off-nadir angles and the equivalent aperture lengths,
it is possible to define a geometry in which the bistatic equivalent aperture L;” exactly fills the gap
between the apertures L;’ and L,’, thus ensuring continuity in the overall aperture. In practical cases, a
small overlap between adjacent apertures will be considered to facilitate the recombination processing.
Indicating with 7</ the desired fractional overlapping between adjacent apertures, the overall
bandwidth that can be synthesized is equal to (3-27)B. This results in a maximum theoretical range
resolution improvement factor equal to (3-277). Moreover, the relative spectral shift between the two

monostatic acquisitions is equal to 4/=2B(1-n), thus leading to the following value of A&

_4-2B(1-n)
- C

AG -tan s Eq. 11-10

As stated above, we assume the two SAR sensors to transmit an up and a down-chirp, s, (%,1)
and s, (1, ) respectively. The expressions of the two transmitted waveforms at Radio-Frequency (RF)

arc:
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5" (te,l): eXp[+ i, 'te,1]' eXp[jﬂk : te,lz] ‘recty (te,l)
Eq. II-11

SzRF(te,z): exp[+ jnf. 'te,z]' exp[— j7zk-te,22] 'reCtT(te,z ),

where ¢, ; and 7., represent the fast times of the first and of the second sensor, £ is the chirp rate, 7" is

the pulse length and the function rect(?) is equal 1 when |#|<4/2 and 0 otherwise.

Sensor 2, transmitting s»(Z.2), 1s supposed to have a second receiving channel matched to the

transmission from sensor I (s;(%.;)), thus providing the bistatic signal s;3(,).

The signals at RF, received by the two radar systems, have to be projected to a common
reference axis, in order to give rise to the corresponding wavenumber shift. In this paper we consider as
the common axis a common demodulating reference signal: this is equivalent to the approach presented
in [5], where the two signals are projected on the same ground range axis. With reference to the
geometry in Figure I1-26, and by considering the central acquisition (i.e. the bistatic) as a common
reference for demodulation, the two monostatic down-converted signals received by sensors I and

sensors 2 can be expressed in the common fast-time domain te as:

c

2
8 (te)z exp[+ JrAf - te]~ exp[jﬂk(te —ﬁj ]~rectr(te —&]
c
Eq. II-12

2
s,(t,)= exp[— JrAf - te]o exp{— jnk(te - &] }rectT (te - &]
¢ ¢

Wherein Eq. II-12 the first exponential term represents the wavenumber shift resulting from the

demodulation and the second exponential term corresponds to the delayed transmitted chirp.

Indicating with R;=(R;+R;)/2 the slant range distance associated with the equivalent bistatic

acquisition, the corresponding signal can be expressed as:
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2
s55(t,) = exp[jnk(te - &j } recty (t —&j Eq. 1I-13
c c

It is worth to notice that in Eq. II-13 no exponential term corresponding to the wavenumber

shift is present, due to the reference signal used for demodulation.

Down-converted signals in Eq. II-12 and Eq. II-13 can be processed coherently to synthesize a
signal with improved range resolution, following the scheme of principle sketched in Figure 11-27. A
detailed analytical derivation of range resolution improved signal is reported in the appendix in Section
I1.3.8 . Simply recalling the Eq. II-23 in Section 11.3.8 , the obtained signal with improved range

resolution can be expressed as:

s(t,) = [Sl(fe) 1(fe)'Wl(fe)Jrsz(fe)'q’z(fe)'Wz(fe)+S3( e)'¢’3(fe)'W3(fe)]:
|:eXp ]ﬂ'_ reCtB+Af (fe ):|

= sinc[;z(B +Af)- (z —%ﬂ

Eq. 1I-14

where 37 represents the inverse Fourier transform, Sj(f,) i=1,2,3 are the Fourier transforms of
Eq. 1I-12 and Eq. 1I-13, @4f.) i=1,2,3 are proper phase compensation terms representing matched
filtering, Wi(f.) i=1,2,3 are window functions needed when the different acquisitions are partially

overlapped and finally sinc(x) is defined as sin(x)/x.

From Eq. II-14, the slant range resolution is easily obtained by evaluating the first null of the
sinc(x) function. The resulting range resolution after coherent recombination of the signals is equal to

1y = c/[2(B+ o )], and is directly related to the wavenumber shift Af. The maximum achievable resolution

is obtained for the case of optimum apertures contiguity, i.e. when the three observations are adjacent
and not overlapped (7=0, Af=2B(1-n)=2B). In this case a range resolution improvement factor equal to
3 is obtained. A higher range resolution improvement factor would result in a corresponding

wavenumber shift greater than 2B. This would create gaps in the spectrum of the signal s(7.), not
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making the coherent recombination here presented effective. On the other hand, a partial overlap of the
apertures (i.e. 7>0) will not prevent an effective coherent signal recombination, but a range resolution
improvement factor lower than the optimum will be experienced. In the case limit of 7=/, the three
apertures will be perfectly overlapped (i.e. no relative wavenumber shift, 4/=0), and the achievable
range resolution after signal recombination will be the same as in the monostatic case. It is worth
noticing that even if only the two sensors case is here considered, the same principle (and also the same
scheme of principle as in Figure I1-27) can be easily extended without conceptual modifications to

constellation of Srz4; SAR sensors with Spg4r>2.

Concerning the above derivation, two different comments are in order. The first one concerns
the electromagnetic scattering properties of the targets composing the imaged scene. In fact, we have
assumed in the above derivation that all the scatterers in the image behave as a perfect ideal point
scatterer showing the same amplitude and phase for all the equivalent sensors, thus neglecting the
decorrelation arising from the change of the view angle and from the different scattering properties
observed from monostatic and bistatic acquisitions. This results in the assumption of a complete
coherence of the shifted versions of the spectrum corresponding to the different sensors. A number of
detailed studies have addressed this point in detail with specific attention at the differences between
monostatic and bistatic scattering, among which for example [12]. As apparent, this hypothesis is not
always verified, especially when operating at high resolution and experiencing a wide change in the
observation angle. However, in this paper we focus on cases where the resolution is not extremely high,
namely we investigate whether it is possible to increase the overall range resolution by exploiting the
signal received by a satellite constellation, where the single sensor has only a limited ground resolution
capability. This limitation on the overall range resolution results in a corresponding limit on the angular
displacement required between each couple of adjacent real sensors A6. For example, in an application

at X-band a SAR image with overall range resolution equal to 0.5 m could be obtained via MIMO-SAR

42



with two radar systems transmitting two orthogonal waveforms with B=/00 MHz observing the scene
with mean off-nadir angle value equal to 773 and angular displacement between the two platforms lower
than 0.035 radians (1.98°). This very limited value of the angular displacement should allow us to
consider the shifted spectra from the two monostatic acquisitions as coherent. For the same reason, in
such a case, even for complex targets such as ships, aircrafts or ground vehicles, we can assume to be in
the pseudo-monostatic RCS (Radar Cross Section) region, [13]. Under this hypothesis the bistatic RCS
of the target can be assumed equal to the monostatic RCS measured on the bisector on the bistatic
angle. Obviously a moderate degradation of the image quality will be present if the operative conditions
do not comply with the previous assumptions (namely in presence of a wide angular separation among

the sensors).

The second comment aims at pointing out that the achievement of the expected range resolution
improvement requires also the synchronization of the different sensors. The impact of synchronization
errors in Multistatic imagery has been already analyzed in [14] and, to solve the problem, different
synchronization schemes have been proposed and their performance analysed in [15] or in [16].
Therefore in this section we assume that the synchronization is obtained by applying these schemes and

we do not consider this issue in the following.

11.3.3 MIMO SAR constellation configurations

The MIMO configuration is an especially interesting case, since it allows us to reach an
improvement in range resolution greater than the number of available platforms. In particular, the
MIMO SAR configuration with Sgg4; platforms can make available a full set of equivalent off-nadir
angles, which is upper bounded by the number of platforms plus the number of couples without

.. . Srear ) _ Srear(Spea+1) . . .
repetitions, i.e. SREAL+[ R;'{L]:RM 5, so that also the increase of resolution has this same bound.
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As apparent the increase of resolution is directly proportional to the number of independent
equivalent off-nadir angles, and the displacement of the SAR sensors has direct implications on the
number of independent off-nadir angles, among the Sgr4r(Sreaz+1)/2, that are independent (namely non-
coincident). Therefore, an appropriate constellation configuration must be considered in order to get
close to the bound Srz4r(Srear+1)/2. The optimization of the positions of a set of MIMO sensors to
provide maximum angular coverage without gaps has been considered for obtaining synthetic aperture
images of the surface in [17] for the case of the along-track aperture. For small number of real sensors
Srear, Tab. II-15 reports the number of effective sensors Sror available for a continuous aperture

without gaps. This directly applies to the case of cross-track apertures.

To obtain the largest possible contiguous global view angle A‘geTqOT = Sror A0 using the Sgrear
sensors for our MIMO SAR application, it is necessary to appropriately displace the real sensors. In
particular, the angular displacement required between each couple of adjacent real sensors is reported in
the fourth column of Tab. II-15, expressed in integer numbers of A9 . The optimization of the selection
of off-nadir angles for a set of MIMO sensors to obtain maximum angular coverage A8, is conducted
following the optimization procedure presented by Correll in [17]. Specifically, the angular

displacements are obtained by increasing by a factor one the number of along-track apertures selected in

[17].

As an example, to obtain the global effective angular spacing of A0i" =980 for the MIMO SAR
with Sgz4r = 4 real sensors the angular spacings must be assigned as follows: 2A9 between sensor 1 and
sensor 2, 4A0 between sensor 2 and sensor 3, 2A0 between sensor 3 and sensor 4. As evident, the
choice of the basic displacement angle Af is essential both to avoid the gaps in the global MIMO SAR
angle (A0<A0“’) and to achieve the maximal resolution improvement (largest possible value of A?).

As apparent the optimum value is A0=A0%
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Figure 1I-28 shows the extension of the MIMO SAR case of Section 11.3.2 to higher values of
Srear, up to Srear=10, using the configurations in Tab. II-15. In particular, the red and the white
squares respectively represent the real and the fictitious cross-track angular apertures used in the
distributed configuration, where the term “real aperture” indicates the equivalent cross-track aperture
for the sensors operating in monostatic configuration, whereas “fictitious aperture” corresponds to

bistatic configurations based on different transmit and receive real sensors.

In Figure I1-29, the value of the maximum range resolution improvement is shown for both the
Multistatic distributed SAR and the MIMO distributed SAR. As it is apparent, in the Multistatic case
the maximum achievable range resolution improvement increases linearly with the number of platforms
Srear since Stor = Srear. In the MIMO case the maximum can be considerably higher than the number
of platforms Sge4r since the gain Sror of the MIMO configuration, that is the number of equivalent

sensors considered, increases faster as the number of platforms increases.

The quantification of the improvement made available by the MIMO configuration with respect
to the Multistatic configuration is provided by the ratio S7o7/Sge4z, that is reported in the fifth column of
Tab. II-15. As apparent, for larger values of Sgg4; the improvement increases, remaining below the
quantity (Sge4rt1)/2, which represents an upper bound to the potential improvement. It is interesting to
observe that as Sge4. increases it is more difficult to identify configurations for the real sensors such
that the couples are independent, so that the highest achievable number of contiguous apertures is lower
than the bound. This is easily observed by comparing columns 2 and 3 of Tab. II-15, while the relative
loss with respect to the bound is reported in its last column, showing a slow increase to about 30%
when using 11-14 platforms. The results in [17] show that in the limit for Sggs—>c0 the value of
STOT—>SREAL2 so that the MIMO improvement tends to be quadratically related to the number of sensors,

similarly to the bound, and the ratio S7o7/Sre4 goes asymptotically to Sgg;.
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Based on the efficient collection geometries for the MIMO SAR reported in column 4 of Tab.
II-15, it is possible to synthesize equivalent contiguous cross-track apertures Sror times larger than the
equivalent aperture of the single sensor. Obviously, the sequence of apertures reported in column 4 is
easily converted in difference of off-nadir angles, that must be imposed to the sensors when jointly
observing the same area to obtain the SAR image with S7or times higher resolution. A similar approach

has been exploited differently in [18]-[19] for a multi-platform ISAR case.

In the practical case, the presence of non-flat topography implies that the above discussion should be
presented in terms of the local incidence angle, instead of the off-nadir angles. This also applies for the
well known differences in the incidence angle between near-range and far-range inside a typical SAR
image. Due to the non-constant slope of the terrain, it is clear that to be sure of avoiding gaps in the
total equivalent aperture, some margins of overlap should be maintained, so that, as for the case of

Sror=2, the maximum improvement is limited by Sror- (Sror-1)n, being 7 the fractional overlap.

11.3.4 MIMO SAR waveforms

As well known, the up and down chirp waveforms are not fully orthogonal, and the presence of
their non-zero cross-correlation produces a degradation of the image quality. In particular, the sidelobe
structure and level of each of the single images is affected by this selection, so that the increase in
resolution for the strong scatterers is paid off with a degradation in the peak to sidelobe ratio and in the
integrated sidelobe ratio levels. The same type of problems of the up and down chirp waveforms are
experienced by set of waveforms that are not fully orthogonal.

Different possible solutions could be considered to obtain fully orthogonal signals, based on a
separation of the signals in the temporal domain. This can be achieved in two different ways:

A. by using a (low) pulse repetition frequency (PRF) such that the range ambiguous window is at least

twice the slant range swath (Sg), intended as the antenna footprint on ground in the range dimension.
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By properly alternating the transmissions of the waveforms emitted by the two platforms, it is
possible to obtain that the corresponding returns are made fully orthogonal in the fast time domain
(i.e. the transmissions from the two platforms are interleaved so that at each receiver, for every fast
time instant, the received signal is constituted by radar echoes generated by a single transmission).
With reference to the geometry sketched in Figure I1-24, the timing of the returns, required by this
first strategy, is sketched in Figure II-30. The sketch includes the case of airborne SAR (with range
ambiguity order n=n’=0) - where the echo is typically assumed to be received with a delay smaller
than the pulse repetition time (PRT), - and satellite SAR (with n,n #£0) - where the echo is typically
assumed to be received with a delay greater than the PRT. This strategy appears to be a natural
approach for airborne radar that typically do not require high PRFs due to the slow motion of the
platform. In this case (n=n’'=0), for the timing diagram to be consistent the following inequalities

must be verified:

T < max
c c c

2R, 2R, R1+R2—2A}

AT >maX{Rl +R, ’2(R1 —A)}+ 28,

AT Eq. 1I-15
C C

c

T

PRT>AT+max{R1 & ,2(R2_A)}+2SR +

c c c
Specifically the first line of Eq. 1I-15 implies that:
v platform 1/2 has completed its own transmission (TX1/2) when the corresponding echo
arrives at RX1/2 (Echo to TX1/2);
v at platform 1/2 the transmission of platform 2/1 (TX2/1) and the corresponding echo (Echo
to TX2/1) do not overlap;

the second line of Eq. II-15 implies that:
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v’ at platform 1 the echo concerning its own transmission (Echo to TX1) does not overlap with
the transmission of platform 2 (TX2);

v platform 2 has completed the reception of the echo corresponding to the transmission of
platform 1 (Echo to TX1) when starting its own transmission (TX2);

and finally the third line implies that:

v platform 1 has completed the reception of the echo corresponding to the transmission of
platform 2 (Echo to TX2) when starting its own new transmission (TX1);

v’ at platform 2 the echo concerning its own transmission (Echo to TX2) does not overlap with
the transmission of platform 1 (TX1).

By combining the second and third line of Eq. 1I-15 we get

2T Eq. II-16

PRT > max{
c c c c c

R, + R, 2(R1—A)}+maX{R1+R2 2(R2—A)}+4SR+

As apparent from Eq. 1I-16, this strategy leads to a PRF slightly lower than half of the PRF for a
standard SAR (giving rise to about the same equivalent PRF perceived by the two receivers due to
the two transmitters being alternatively activated). This typically reduces of a factor two the amount
of pre-summing applied to the collected data.

A similar analysis can be applied to the satellite-based case, taking into account the presence of
multiple PRTs inside the echo delay time. Therefore, a similar conclusion of slightly less than half of
the standard PRF is obtained for the satellite case, with the more complex definition of appropriate
reception windows. The proposed approach can be applied in satellite based spotlight SAR if the
sensor is not already designed to collect the “maximum amount of information”, [20], namely if the
swath in slant range, defined from the antenna footprint, is not shorter than half of the inverse of the

frequency bandwidth of the echoes received by the antenna.

48



B. The other possibility is to separate the echoes in the Doppler frequency domain, by exploiting the
azimuth phase coding approach, [21]-[22]. In this case, instead of using a lower PRF, we can
maintain the initial PRF with the two sensors and make so that the echoes to TX1 and TX2 arrive at
both sensors overlapped in time. However, TX1 applies a phase coding to the transmitted sequence

of pulses having the following expression:

)= 2", n=l.N Eq. 1I-17

where N indicates the overall number of transmitted pulses within the synthetic aperture. The same
sequence is used to apply phase coding in transmission to TX2, but with a delay of one sample.
When the two overlapped echoes are received by each one of the receivers and the transmission
phase is compensated for, the echoes to the transmitted pulse are received unaffected, while the
echoes to the waveform generated by the other transmitter is shifted in the slow-time frequency
domain. By filtering in this domain, both images can be separated and focused separately.

As apparent, this requires that the surface echoes received by each platform have a frequency
bandwidth that occupies not more than half of the PRF. If this is not the case, the spectral shift
provided by the azimuth phase coding do not lead to echoes non-overlapped in the frequency
azimuth domain.

Again this is a more typical condition for the airborne SAR sensors, but it can be also applied to
spaceborne SAR, provided that not the full exploitation of the imaging capability of the platform is
performed. In practice it is required that at the maximum admissible PRF to avoid range ambiguities,
the echoes bandwidth does not exceed the half of the frequency span. This approach has the
advantage of requiring a slightly lighter control of the alternating timing of the two platforms, while

using a higher PRF and thus producing a higher data rate.
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It is interesting to notice that essentially the applicability of the perfect separation (fully
orthogonal waveforms) requires that the full imaging capabilities for assigned antenna size are not used,
namely using only a smaller (i.e. about half size) swath in range (case A) or a lower resolution (i.e.
about factor of two worse) in the azimuth direction (case B) than for a sensor that collects images at its
full potentialities but without an increase of ground range resolution larger than the number of sensors.
This is the price to be paid so that the echoes can be perfectly separated. The alternative is to use

partially correlated signals (as up and down chirps) and accept the resulting image quality degradation.

For the more general case of Sgg4 platforms, there are many usable sets of nearly orthogonal
waveforms, among which an extension of the set considered for the up-down chirp. Specifically, using
linear frequency modulation in Figure II-31 we show that a set of 4 waveforms with low correlation
can be obtained by using: an up-chirp, a down-chirp and two triangular frequency modulated
waveforms, [23].

As apparent this set of waveforms suffers the same problem of image degradation discussed
before, but gives the advantage of not requiring potential reduction of the imaging capability of the
single sensor.

As for the case of Sgear = 2, it is possible to obtain fully orthogonal waveforms by separating
the returns either A) in slow-time or B) in Doppler frequency:

A. Define an appropriate timing as an extension of the approach in A) to more than two sensors so that
the Sgeqr returns to the Sgey; different transmissions are not overlapped in time. This obviously
requires to use, for the single transmitter, a PRF about Sgg4, time slower than the maximum value
allowed to avoid range ambiguities. This is possible only if the frequency bandwidth in the slow time

domain is small enough.
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B. Use an appropriate azimuth phase coding, as an extension of approach B) above, to more than two
sensors so that the Spgs; returns to the Sggyy different transmissions are discriminated in the

frequency azimuth domain. For example this can be obtained using the sequence:

cn)=e M, n=l..,N Eq. 1I-18

M = \_P RF'/ B Dopplei‘J

where now . This is valid provided that again the PRF is high enough so that the

frequency of the returns occupy not more than a fraction 1/ Sgg4, of it.

As discussed for the case of two sensors, this typically applies very easily to airborne sensors (that
can afford a significant presuming), while it is more critical for space-base SAR sensors. In fact it

requires that the amount of information by the single sensor is 1/ Sgg4. of the maximum possible.

11.3.5 MIMO SAR processing techniques

The practical implementation of the MIMO SAR processing required to achieve in practice the
desired increase in the range resolution is clearly based on the scheme of principle described in Section
II.3.2 . However, it must be extended to operate with the full SAR image swath, thus taking into
account all real effects. In principle, two different approaches can be followed to obtain a full resolution

SAR image:

® (Centralized Technique: the radar data from the 3 (S7or) channels can be properly pre-processed and

coherently combined, so as to obtain an extended data set. Thereafter, the extended data set is
focused by using an appropriate 2D single channel SAR processing scheme: this is basically shown

in a preliminary work of the authors reported in [24].
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® Decentralized Technique: first 3 (Sror) low resolution images are independently focused, by

applying separate focusing techniques, and then the 3 (Sror) images are combined coherently (after

appropriate registration if necessary) to achieve the final image with higher ground range resolution.

The two approaches are separately detailed in the following.

MIMO SAR Centralized Focusing Technigue

The MIMO SAR centralized focusing technique is the natural two-dimensional extension of the
recombination processing described in Section I1.3.2 . The processing scheme needed to combine the
different acquisitions and obtain the improved range resolution is shown in Figure II-32. Its main steps
are the following: 1) the raw down-converted data from the i-th channel are Fourier transformed in the
range dimension; 2) for each channel the matched filter is applied by multiplying the Fourier
transformed signal by S; (f), thus performing the range compression; 3) the channel is realigned in phase
and time to a reference common to the three channels; 4) the three channels are combined in frequency
domain to obtain the overall synthetic bandwidth. If adjacent spectra are partially overlapped (7<1) a
frequency selection step has to be applied previously to combination; 5) the inverse Fourier transform
can finally be applied to obtain the high resolution range profiles. The output of this coherent
recombination procedure is the input of the subsequent single channel focusing processing chain: at this
point any 2D synthetic aperture radar focusing technique would be quite adequate to perform the
appropriate 2D focusing. It is worth to notice that the phase multiplication with S; () in step 2) removes
the phase quadratic term (i.e. the chirp) from signals received at each channel. As a consequence, the
recombined signal after step 5) is de-chirped or, which is equivalent, range compressed. To allow a
proper elaboration of this recombined signal with a conventional 2D SAR focusing technique such as
the Chirp Scaling Algorithm ([25]-[26]), a proper elaboration of the signal has to be performed.
Specifically, the quadratic phase term has to be re-inserted in the recombined signal. We will refer to

this operation as a rechirping, see Figure 1I-32. To limit the computational burden, the rechirping can
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be applied in frequency domain before the inverse Fourier transform. However, also other techniques,
such as the Frequency Scaling Algorithm, [27], or the Range Migration Algorithm, [28], could be
applied as well, each one of which might require a different specific pre-adaptation step to the
recombined signal. It is worth to notice that in the centralized focusing technique, the multi-sensor data
recombination is performed before range compression. This leads to a processing scheme effective if
and only if no local variations of the incident angle are experienced over the swath (i.e. constant

wavenumber shift over the image).

MIMO SAR Decentralized Focusing Technigue

As already mentioned in Section II.3.1 , local variations of the incident angle within the
observed area might result in non negligible variations of the corresponding wavenumber shift (i.e.
range dependent wavenumber shift). These variations may be experienced either in airborne scenarios
(due to relatively low platform height and wide antenna elevation patterns), and/or if topography is
present in the observed area (i.e. non flat observed terrain). In the following, without lack of generality,
we will refer to local variations of the incident angle from near to far range for a flat Earth observed
area. Nevertheless, the proposed technique can be directly extended to the presence of topography in the
observed area without any conceptual modification. In this latter case, a Digital Elevation Model

(DEM) has to be considered, to retrieve topographic information of the observed area.

Regardless of the reason which causes variations of the wavenumber shift with range, it is clear
that a range dependent wavenumber shift requires a range dependent coherent signals recombination,
which can not be performed prior to range compression over the single acquisition (i.e. range
compression at low resolution). Once that a coarse range compression has been performed, multi-

channel echoes coming from different ranges can be distinguished and processed separately according
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to the corresponding wavenumber shift. After that, recombined data have to be merged together to

obtain the final image with improved range resolution.

A viable implementation of the aforementioned scheme is presented in the decentralized
technique, sketched in Figure II-33. Specifically, we propose to first process separately the multi-
channel data corresponding to different acquisitions, thus obtaining Sror different range compressed
images at low resolution (i.e. range resolution corresponding to the single acquisition). After that, a
sliding rectangular window is passed over each image, so that a single range bin (i.e. a single multi-
channel snapshot) can be extracted for each different shift of the sliding window. Multi-channel
snapshots can then be processed separately each one of them according to the corresponding
wavenumber shift, and combined to obtain the final image with improved range resolution. The
processing to coherently combine multi-channel data from a single range bin is exactly the same as in
the centralized technique (see Figure I1-32), except for the phase multiplication with Sl-*(ﬂ, which has
not to be considered, since data are already range compressed. Obviously the phase and time channel
realignment and the frequency selection steps have to be tailored to the specific wavenumber shift. If
the rectangular sliding window shifts one range bin per one range bin, as considered up to know, the
resulting decentralized technique is somehow optimal, since each range bin is processed exactly
according to its wavenumber shift. However, such an optimal processing scheme might require a high
computational load, hence it will not be considered in the following. Nevertheless, a sub-optimal
decentralized approach can be considered to ensure both low performance losses w.r.t. the optimal
approach and affordable computational burden. Specifically, a sub-optimal decentralized approach can
be directly derived from the optimal one, by windowing R adjacent range bins each time (R>1/), and by
applying the same coherent recombination processing to all the R range bins. As a consequence, the

whole range extent of the image will be divided in several strips, each one processed separately. In the
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following, a given range strip will be processed according to the wavenumber shift experienced by the

central range bin of that strip.

After multi-channel data recombination, the different strips are placed side by side and, finally,
the high-resolution image is obtained. A block diagram of the resulting sub-optimal decentralized
approach is sketched in Figure II-33. As it is apparent, the optimal decentralized approach can be
obtained by simply choosing R=1 (i.e. only one range cell per strip), while the centralized technique can

be obtained by placing all the range bins of the image in the same strip.

It is clear that processing several range bins together (that is, according to a common wavenumber
shift), will cause some degradations in the resulting final focused image mainly in terms of degraded
range resolution and increased side-lobes level. This is the price to be paid for a reduction of the overall
computational burden. Therefore, a main issue in the implementation of the sub-optimal decentralized
technique is the evaluation of the range resolution losses (w.r.t. the optimal decentralized case) versus R
(i.e. the number of range bins per strip). If all the range bins within a given strip are processed
according to the wavenumber shift of the central range bin of that strip, the higher range resolution
losses will be experienced for the range bins at the edge of the strip. Therefore, we define the Range
Resolution Loss (RRL) as the ratio between the range resolution measured at the edge of the strip by
applying the sub-optimal decentralized approach and the range resolution measured at the same range
bin by applying the optimal decentralized technique. Obviously, RRL depends both on the range and on
R (range strip size). Since the dependency of RRL on range is negligible with respect to its dependency
on R, only this second one is considered in the following. By setting an acceptable level of RRL, the

number of range bins per strip (i.e. the value of R) can be derived.

11.3.6 MIMO SAR performance analysis

Preliminary Point Spread Function Analysis
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A preliminary range Point Spread Function (PSF) analysis has been conducted only along the
range dimension to show the effectiveness of the MIMO scheme of principle. This first analysis aims at
testing the effective slant range resolution improvement using Sgz4; = 2 real sensors, while varying the
cross-track sub-apertures fractional overlap 7. Obtained results are reported in Figure II-34, together
with measured slant range resolutions (7y) for a transmitted chirp bandwidth B=30 MHz. In particular,
it is easy to observe that using a single platform, a resolution of 5 m is achieved with the single SAR
platform, whereas using the Sgzq = 2 MIMO SAR, a maximum resolution of 5/3=1.67 m is obtained
avoiding overlap (namely for 77=0). The results obtained using the same scheme of principle with a
partial overlap, provide a slightly lower increase of resolution equal to 5/(3-27). This clearly shows that
using the presented geometrical platform configuration and scheme of principle, the desired increase in

the range resolution is directly achieved.

MIMO Technigues Performance Analysis

To analyze the performance of the MIMO SAR technique, we consider the case of Sggs = 2
platforms (Sror = 3) and we refer directly only to the decentralized technique, which is able to take into
account the variation of the wavenumber shift inside the imaged scene. As mentioned in Section I1.3.5 ,
we consider the processing using the same correction parameters inside range cell strips of assigned
dimensions. To determine the number of range bins per strip R, an evaluation of RRL versus R has been
conducted, both for an airborne system and for a spaceborne system observing an area on ground with
no topographic features. Main system parameters used are reported in Tab. II-16, whereas obtained
results are reported in Figure II-35. As is apparent, when an airborne system is considered, limited
range resolution degradation is experienced only for very few range bins within each strip, namely 2 or
3. Therefore, in this case the decentralized approach has to be applied almost on a range cell by range

cell mode. On the other hand, when a spaceborne system is considered (see Figure II-35), up to 100

56



adjacent range cells can be processed with the same phase compensation term, if range resolution
degradation within 10% can be tolerated. This makes the sub-optimal decentralized approach (namely
strip by strip, instead of range cell by range cell) an appealing technique to reduce the overall
computational burden. It is worth to notice that, even in the spaceborne case, by applying the sub-
optimal decentralized technique, the partition of the whole image in different stripes, has to take into
account also the topographic information over the observed area. This may lead to a reduction of the
maximum allowable number of adjacent range cells to be processed together, with respect to the
analysis conducted above.

Following the results of the analysis above, two different simulations have been conducted. In
the first simulation, the optimum (namely range cell by range cell) decentralized approach described
above has been considered. The first simulation is referred to a sample airborne case study with two X-
band SAR sensors working in stripmap mode observing the same area on the ground with angles &; and
6, for a flat Earth geometry (see Tab. I1-16). The selected off-nadir angles guarantee a spectral overlap
corresponding to 77 = (.15. Moreover, it is assumed that sensor I transmits an up-chirp, while sensor 2
transmits a down-chirp (both with bandwidth B = 30 MHz so that a ground range resolution equal to 5.8
meters is obtained for the single sensor). This ensures almost waveform orthogonality, allowing each
sensor to separate the monostatic from the bistatic contributions. The observed scene has dimensions
100m x 100m (azimuth x ground range) in which six different point-like targets have been placed. In
particular, four targets are placed at the corners of the squared scene, one at the scene center and the
sixth is separated 4 meters from the scene center (same azimuth cell). We expect that the last target will
not be discriminated with respect to the scene center if a conventional single channel SAR processing is
performed, whereas we expect that the range resolution improvement allows us to discriminate them.
Figure I1-36 shows the focused scene with improved range resolution as it is obtained after the

application of the MIMO optimum decentralized technique, showing clearly that all the six scatterers
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have been correctly imaged. To demonstrate the achieved range resolution improvement, we report in
Figure II-37 and in Figure I1-38 the point target responses of both the conventional (single sensor)
SAR and the MIMO SAR focused images for azimuth equal to 0 and 700m, respectively. As it is
apparent from these figures the use of the proposed MIMO SAR scheme allows us to move from a
ground range resolution of about 5.85m in the single-sensor case to about 2./7m in the multi-sensor
case with a range resolution improvement equal to 3-27=2.7. The resolution improvement allows to

resolve scatterers not resolved in the conventional case, as apparent from Figure I1-37.

The second simulation refers to a sample spaceborne case study, with two SAR sensors working
in stripmap mode. As in the previous case, sensor I and sensor 2 transmit an up and a down chirp with
a bandwidth of B = 30 MHz, see Tab. II-16. For this second simulation, the sub-optimal (namely range
strip by range strip) decentralized MIMO SAR technique has been considered. In particular, following
the analysis conducted in Section I1.3.5 , the number of range bins per strip it is set in order to keep the
RRL within 10%. This results in about R=700 adjacent range bins to be processed together. Simulations
have been conducted to evaluate the defects on the range response related to the implementation of the
sub-optimal decentralized technique w.r.t. the optimal one. To do this, a worst case situation has to be
considered: target located at the edge of a given strip and coherent recombination conducted
accordingly to the wavenumber shift of the central range bin of that strip. Obtained result is reported in
Figure 1I-39. To allow the analysis of the resolution improvement, as in the airborne case, in Figure
I1-40 the MIMO SAR range main cut is shown and compared to the conventional single-channel SAR
response for the worst case situation inside the considered swath. As apparent, also in this case the
desired resolution improvement is clearly obtained. The resulting effects due to the application of a
constant wavenumber shift within a given strip are the increased range resolution and increased side

lobe level. It is worth to notice once again, that these defects are not present if the optimal decentralized

58



technique is applied (see previous simulation) and, hence, they are directly related to the sub-optimal
implementation of the decentralized technique. These defects represent the price to be paid for a

reduced overall computational load.

11.3.7 Conclusions

In this section a MIMO technique has been presented for range resolution improvement using a
constellation of SAR systems. The constellation configuration has been determined in correspondence
with the sensor parameters so as to achieve the highest increase in the ground range resolution. The
principle is based on the idea that the waveform with assigned frequency bandwidth transmitted by each
SAR sensor is equivalent to a specified cross-track aperture. Depending on the geometry, the different
monostatic acquisitions may result in non-contiguous cross-track apertures. However, by exploiting also
the bistatic acquisitions, it is possible to achieve additional effective apertures that fill the gaps between
the non-contiguous monostatic acquisitions, possibly with a partial overlap. This provides an overall
continuous aperture sensibly larger than the product of the aperture of the single platform and the

number of platforms.

Therefore the strength of this approach resides in the possibility to increase the range resolution
of a factor greater than the number of SAR sensors. Specifically with two SAR sensors a range
resolution improvement up to a factor 3 can be obtained, while for Sgz4; platforms the increase is upper

bounded by SREAL(SREAL+ 1 )/2

It has to be noticed that the practical implementation of the proposed MIMO SAR technique
requires some constraints to be met. First of all, the improvement of range resolution via the proposed
MIMO SAR concept requires the strict control of the acquisition geometries concerning the different
satellite/airborne sensors in order to guarantee a continuous synthesized bandwidth. Moreover the

achievement of the expected range resolution improvement requires also the application of proper
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strategies to guarantee the synchronization of the different sensors in order to make possible the
distributed imaging. The waveforms transmitted by the different radar systems need also to be properly
selected: specifically, as stated above, the applicability of the perfect separation (fully orthogonal
waveforms) requires that the full imaging capabilities for assigned antenna size are not used at the
single sensor level. This is the price to be paid so that the echoes can be perfectly separated. The
alternative is to use partially correlated signals (such as up and down chirps as considered in this paper)
and accept the resulting image quality degradation. Finally a complete coherence of the shifted versions
of the spectrum corresponding to the different sensors has been assumed. This assumption can be
reasonable for the cases considered in this paper where the single sensor resolution is not extremely
high requiring a limited angular displacement between each couple of adjacent real sensors. Obviously
a moderate degradation of the image quality will be present if the operative conditions do not comply

with the previous assumptions (namely in presence of a wide angular separation among the sensors).

Other than demonstrating the basic resolution increment principle, appropriate focusing techniques
have been devised, that are able to deal with both typical airborne and spaceborne SAR geometries, and
can take into account the local topography. To this purpose the decentralized solution has been shown
to be preferable with respect to the centralized one and its effectiveness has been demonstrated against

simulated data.

11.3.8 Appendix 1

After range Fourier transform, the three signals in Eq. II-12 and in Eq. II-13 can be expressed as:

5i(1.)- p{J{% 21, —Af/z@}}rmg (f.-a7/2) Eq. 11-19
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s U2ty 22 )

2
Sy(f.) = exp[— jn{% + ”T&H recty (1)

In the range frequency domain, we can perform separately for the three signals the compensation of
the quadratic phase term together with the removal of the additional phase terms. This is obtained by

multiplying S;(f.), S:(f.), and S3(f.) with the following exponential terms:

@,(1,)= exp{+ jf{—(f MY 2R AR R 'R3)fe}

c

2
G)z(fe)=exp{— jn{(fe +if [2F _jy 2R 4R _R3)feﬂ Eq. 11-20

D,(f.)= exp{jﬂ%}

Subsequently, after windowing of the spectra with rectangular functions, the three signals can be

recombined, thus leading to S(f.):

NUAENIARAVARAVAEA VAR VAR AVALT A VAR AVAR/AVAE

. 4R Eq. II-21
:exp|:_]”73fe:|'reCtB+Af(fe) a
where the window functions can be expressed as:
1 B
Wi(fe) =rect_y)s |:fe _E(Af + ’75)}
1 B -
w,(f,)= rect(i_p)s {fe + E(Af + ngﬂ Eq. I1I-22

Wy(f,) = recty_,slf,]
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By applying a range inverse Fourier transform,, the following expression is obtained for the Point

Spread Function (PSF):

s(t,) = sinc{ﬁ(B +Af)- (te - &ﬂ . Eq. 11-23

C

where the sinc(x) function is defined as sinc(x)=sin(x)/x.

62



I1.4 Figures
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Figure II-1 Uniform sampling along the synthetic aperture
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Figure II-2 Two-way pattern from wide TX and wide RX
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Figure II-3 Two-way pattern from narrow TX and wide RX
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Figure II-24 Range resolution improvement with 2 SAR sensors
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Figure I1-31 Time-frequency representation of 4 different quasi-orthogonal waveforms suitable

for a MIMO SAR
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Figure II-32 MIMO processing: centralized technique
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1.5 Tables

Carrier frequency 9.6 GHz
Chirp Bandwidth 200 MHz
System Noise figure 7 dB

1200 + 2600 Hz (EI-S)°
PRF Tx Uniform PRF (EI-R)

1400 + 3000 Hz (EI-T)

Pointing direction Right and Left looking
Incidence angle 37.78°
0.67 s (EI-S)
Integration time 0.58 +1.16 s (EI-R)

0.58 +1.16 s (EI-T)

Orbit height 619 km
Sensor velocity 7547 m/s
Power peak 5 KW
Pulse length 40 psec

Tab. II-1 System parameters used for EI simulations

k-c
¢ Within this interval of PRF values, the PRF = 2 H with k integer, will be highlighted in the following. These PRF

values are important because they allow to avoid nadir returns.
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Inter-element distance [cm] 2.33
Number of radiating elements 120
4 dB beamwidth [°] 0.78
Phase centers displacement [m] 3.36
RX-antenna gain loss [dB] 2

Tab. I1-2 Single sub-aperture features for COSMO5x8 SPAN2b (azimuth only)

Inter-element distance [cm] 2.33
Number of radiating elements 144
3 dB beamwidth [°] 0.52
Phase centers displacement [m] 3.36
RX-antenna gain loss [dB] 0

Tab. II-3 Single sub-aperture features for COSMO6x8 SPAN2c¢ (azimuth only)

Inter-element distance [cm] 2.33
Number of radiating elements 96
3 dB beamwidth [°] 0.78
Phase centers displacement [m] 4.48
RX-antenna gain loss [dB] 3.5

Tab. I1-4 Single sub-aperture features for COSMO6x8 SPAN2b (azimuth only)
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Azimuth resolution [m]

COSMO6x8 SPAN2c 1.84
COSMO5x8 SPAN2b 1.60
COSMO6x8 SPAN2b 2.25

Tab. II-5 Achievable azimuth resolutions with AAR<-25 dB

EI-S EI-R EI-T

AAR [dB] 25dB 25dB -25dB

Tab. II-6 AAR constraint for the three EI

EI-S EI-R EI-T

NESZ [dB] 6+8 dB 0+2 dB 0+8dB

Tab. II-7 NESZ loss for the three EI

Swath Improvement

COSMO5x8 SPAN2b 1.65
COSMO6x8 SPAN2c 1.65
COSMO6x8 SPAN2b 2.20

Tab. II-8 Swath Improvement in EI-S for the considered antenna configurations
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Resolution Improvement

COSMO5x8 SPAN2b 1.75
COSMO6x8 SPAN2c 1.52
COSMO6x8 SPAN2b 1.24

Tab. I1-9 Resolution Improvement in EI-R for the considered antenna configurations

Information Gain

COSMO5x8 SPAN2b 1.9
COSMO6x8 SPAN2c 1.9
COSMO6x8 SPAN2b 1.95

Tab. II-10 Information Gain in EI-T for the considered antenna configurations

Carrier Frequency [GHZz] 9.5

Number of Radiating Elements (Azimuth) 300

Number of Radiating Elements (Elevation) 64

Azimuth Length [m] 7.50
Elevation Length [m] 1.28
Azimuth Beamwidth [°] 0.24
Elevation Beamwidth [°] 1.41
Phase Centers Displacement [m] 3.75
Maximum Sub-Aperture Gain [dB] 39.82

Tab. II-11 Main Antenna Parameters

85




A AB ABC ABCD ABCDE
Phase Centers
4.00 4.25 4.50 4.75 5.00
Displacement [m]

Maximum Sub-Aperture

39.52 39.20 38.85 38.47 38.06
Gain [dB]
Azimuth Sub-Aperture
0.52 0.56 0.60 0.66 0.72
Beamwidth [°]

Elevation Sub-Aperture

1.41 1.41 1.41 1.41 1.41

Beamwidth [°]

Tab. II-12 Main Antenna Configurations Characteristics

Carrier Frequency [GHz] 9.5
PRF on Transmit [Hz] 1000 + 2000
Incidence Angle [°] 37.78
Orbit Height [km] 630
Sensor Velocity [m/s] 7500

Tab. I1I-13 Main System Parameters




A AB ABC ABCD ABCDE
AAR [dB] -67.8 -66.8 -64.7 -62.8 -64.0
Azimuth Resolution [m] 3.49 3.22 2.98 2.79 2.65
Uniform PRF [Hz] 1875 1764 1666 1578 1500
Azimuth Resolution
7.21 16.4 25.8 34.1 41.2
Improvement [%]
Range Swath Dimension
6.70 13.4 20.0 26.6 333

Improvement [%]

Tab. II-14 Simulation Results
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Bound:

N S Sequence of angular spacings S/N 1-S/Bound
N (N+1)/2
2 3 3 2 1.5 0,000
3 5 6 2,2 1.6667 0,167
4 9 10 2,42 2.2500 0,100
5 13 15 2,442 2.6000 0,133
6 17 21 2,4,442 2.8333 0,190
2,4,4,4.42
7 21 28 3.0000 0,250
2,2,6,6,2,2
8 2,2,6,6,6,2,2
27 36 3.3750 0,250
2,4,2,10,2,4,2

9 33 45 2,2,6,6,6,6,2,2 3.6667 0,267
10 41 55 2,4,2,10,4,10,2,4,2 4.1000 0,255

2,2,2,8,8,8,8,2,2,2

2,2,6,4,8,8,4,6,2,2
11 45 66 4.0909 0,318

2,2,6,6,6,6,6,6,2,2

2,4,2,10,4,4,10,2,4,2
2,4,42,142,142,4.42
12 55 78 4.5833 0,295
2,4,2,10,4,10,4,10,2,4,2

13 65 91 2,4,2,10,4,10,10,4,10,2,4,2 5.0000 0,286
14 73 105 2,4,2,10,4,10,8,10,4,10,2,4,2 5.2143 0,305

Tab. II-15 Optimized MIMO configurations
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carrier frequency 9.6 GHz
sensor height 6500 m
platform velocity 120 m/s
transmitted chirp
30 MHz
bandwidth
0y (mean incident angle) 60°
Conventional SAR
Sm
slant range resolution

Tab. II-16 Main system parameters
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III MULTI-CHANNEL SAR FOR JAMMER REJECTION

1.1 Introduction

The imaging capability of a Synthetic Aperture Radar (SAR) could be seriously limited or denied by
an electromagnetic interference signal impinging on the antenna array during the synthetic aperture.
Such interference could be both intentional (i.e. Jamming) or due to a spurious transmission in the same
frequency band in which the SAR operates (i.e. RFI, Radio Frequency Interference). Moreover, the
SAR pulse transmitted power is penalized by 2-way propagation losses, while interference power has
only 1-way propagation losses. Thus, even if the interference transmitted power is not high and it is
received by the side-lobes of the SAR antenna, the SAR imaging capabilities can be denied. For
imaging radars, the effect of a wideband noise-like interference is to mask the scene visible in the

imaged area with a high uniform noise level [4], [30].

It is well known that the protection of a multi-channel radar from high duty cycle e.m. interferences
can be achieved on the basis of antenna nulling. This is usually obtained by adaptively combining the
signals received by multiple auxiliary channels, together with the main channel, in order to synthesize
an equivalent pattern with a null (or at least a strong depression) in the Direction Of Arrival (DOA) of

the interfering signal.

If the SAR is required to perform surveillance on a wide area, and the jamming source location is not
known by the radar, there is no restriction on the possible DOA of the jammer both in azimuth and in

elevation. To give a coarse estimation of the range of possible DOAs, we refer to a spaceborne scenario
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where a SAR is mounted on a Low Earth Orbit (LEO) platform at an height above 